Abstract-The purpose of this paper is to present two novel methods of improving low voltage ride-through (LVRT) capacity of doubly fed induction generator (DFIG) wind turbines. The first one, combining regular crowbar protection and three switches, enabled us not to consider the insulation of rotor inverter when choosing the value of crowbar resistance. The switches were connected in series with rotor windings between the crowbar and rotor inverter. In the second one, a series dynamic resistor (SDR) was put between DC capacitor and rotor inverter. This method made DFIG wind turbines have the ability to limit rotor currents without improving capacitor voltage and changing the controller algorithm or controller parameters. However, applying the second method, we needed to increase the voltage rating of rotor inverter to avoid the insulation being destroyed. The second method was justified by simulations in Matlab/Simulink.
INTRODUCTION
Wind energy, clean and cost-effective, has received much attention recently. According to World Wind Energy Association, the annual growth rate in 2010 was 23.6% and in June 2011, worldwide wind capacity reached 215 GW [1] . With the development of wind technology, the proportion of wind power to total grid power has increased to the extent that if wind turbines don't remain connected with the grid during voltage dips, the grid will resume slowly; or even worse, it may become unstable. As a result, many countries have required that wind turbines should have the ability to ride through low voltages [2] . In other words, when low voltages occur, wind turbines should maintain connected with the grid and deliver active and reactive power to the grid as required.
Among various types of wind turbines, doubly fed induction generators (DFIGs) have been dominant. That is because they allow variable speed operation, which means that they can adjust rotor speed in response to wind speed to get high efficiency. Also, DFIGs use partial rated converters, reducing the cost of converter when compared with other wind turbines that use full rated converters. However, when stator voltages drop, the rotor currents of DFIG will become much larger than normal values, if rotor converters are unable to provide enough high voltages to control these over currents. As generally, the voltage rating of rotor converters isn't much larger than necessary on cost ground, the over currents will always occur, if we don't take other measures to control rotor currents. In order to prevent large currents from destroying rotor converters during voltage dips, researchers have proposed various solutions for DFIG to ride through low voltages. These solutions can be roughly divided into two types. One is to control components of DFIG without adding supplementary devices. The controlled components are mainly rotor converters [3, 4] and blades [5] . The other is to add supplementary devices, such as dynamic voltage restorers [6, 7] , flexible alternating current transmission systems (FACTSs) [8, 9] , and resistors [10] - [13] . One can also combine more than one of these strategies like in [9] . This paper proposes two new ways to enhance LVRT capacity of DFIGs. In section III, the first one is presented. This method combines the crowbar with three switches, which are connected in series with rotor windings between the crowbar and rotor inverter. When the crowbar is activated, the three switches are switched off. This enables the value of the crowbar resistance to be very large without destroying the insulation of rotor inverter. Because larger resistance can limit rotor currents better, DFIGs, with this method, will resume its controllability quickly. In section IV, the second strategy with a series dynamic resistor (SDR) will be discussed. The SDR is put between DC capacitor and rotor inverter. For the reason that the math model of rotor inverter with SDR will not change, this strategy enables DFIGs to control rotor currents during fault condition without changing controller algorithm.
II. THE LVRT METHOD WITH SWITCHES

A. Regular crowbar protection
The commonly used crowbar protection structure is showed in Fig. 1 . When the grid voltage drops, the rotor currents will rise sharply, and then the crowbar is activated so that rotor currents flow into the crowbar rather than rotor inverter.
As mentioned in [12] , the value of crowbar resistance should be high enough to limit rotor currents. Large resistance, however, will result in large voltage, which may destroy the insulation of rotor windings and rotor inverter.
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B. Method with switches
The LVRT method with switches is illustrated in Fig. 2 . Switch A, B, and C are added to the regular crowbar protection. Immediately after the crowbar is activated, the three switches should be switched off so that the rotor voltages will not affect the insulation of rotor inverter. Instantly before the crowbar is deactivated, we should turn on the switches to make the control of rotor currents resume quickly. The following simulation examines the effect of the value of crowbar resistance on rotor currents and rotor voltages. The rotor voltages were measured at the junction of rotor windings, the crowbar and rotor inverter. The parameters of the DFIG wind turbine can be found in the appendix. In this simulation, the transformation from stationary circuit variables to synchronously rotating reference frame variables was power-invariable transformation. Before grid faults, the direct and quadrature axis rotor current were 295A and 75A respectively, and the generator was controlled by stator flux oriented method. For simplicity, the draft rotating speed, 40Hz, was kept constant, which might not lose accuracy if the fault duration was short and the time constant of draft was relatively big. Although, with this method, we needn't take into account the insulation of rotor inverter, we still needed to consider the insulation of rotor windings. Consequently, the maximum value of crowbar resistance would largely depend on the voltage rating of rotor windings.
For the crowbar protection or the method with switches, the criteria to determine the value of crowbar resistance can be found in [11] - [12] . One important issue for the determination is generator's fault currents, which are analyzed in [14] - [15] . Moreover, after the crowbar is deactivated, to make the control of DFIG wind turbine resume without introducing instability problem, some strategies should be adopted, some of which are proposed in.
III. LVRT METHOD WITH A SERIES DYNAMIC
RESISTOR (SDR) Unlike crowbar protection, the method with a series dynamic resistor, illustrated in Fig. 6 , can keep its controllability during fault conditions. In normal operation, the switches of SDR are turned on and the current don't flow through the resistor, while in fault operation, the switch is turned off and thereby the current will flow through the resistor.
A. Model of the new inverter
The configuration of the inverter with SDR is shown in Fig. 7 . From Fig. 7 , (1) and (2) express the model of the new inverter. Interestingly, when SDR isn't added to the rotor inverter, the value of SDR being zero, the model of the inverter is also expressed by (1) and (2) . Accordingly, we can conclude that after SDR is activated, the math model of the inverter doesn't change. This implies that if our control goals of rotor inverter don't change after the activation of SDR, the controller parameters of rotor inverter needn't be changed. Therefore one of SDR's advantages is that this method eliminates the complexity of control coordination between normal and fault conditions. 
Though the new inverter's model (1) and (2), can't be verified completely through theoretic analysis. In the following simulation, the parameters of the DFIG wind turbine are shown in the appendix. The reference direct and quadrature axis rotor currents were 295A and 75A respectively. Other simulation conditions were the same as in section III. Before 0.4s, SDR wasn't activated, while at 0.4s, SDR was activated, and then SDR was deactivated at 0.5s. The value of SDR was 1 Ω. Fig. 8 shows the direct and quadrature axis rotor currents and the activation signal of SDR. As we can see from Fig. 8 , after SDR was activated and deactivated, the rotor currents almost didn't change. Because the control algorithm wasn't changed, the simulation results, to some extent, justify the new inverter's math model.
B. SDR's effect on LVRT capacity
The SDR's effect on LVRT capacity of DFIG wind turbines was studied by simulation. The parameters of the wind turbine are shown in the appendix. Before grid faults, the direct and quadrature axis rotor current were 295A and 75A respectively. For simplicity, the draft rotating speed, 40Hz, was kept constant. The stator voltages dropped at 0.4s and resumed at 0.6s. During voltage dips, SDR was activated at 0.402s and deactivated at 0.5s. During voltage recovery, SDR was activated at 0.602s and deactivated at 0.8s. The values of SDR were 0.5 Ω, 1Ω, 3 Ω, and 5 Ω respectively. The effective value of stator phase voltage dropped to 103.5 3 V from 690 3 V . That is, the stator voltage dropped to 15%. The controller parameters of rotor inverter and the reference rotor currents kept changeless through the whole process. Fig. 9 shows the stator voltages and activation signal of SDR. The phase rotor currents are shown in Fig.10 and the line rotor voltages in Fig. 11 . From Fig. 10 , we could get: (a) during voltage dips, a larger value of SDR resulted in a smaller peak value of rotor currents. When SDRs were 0.5 Ω, 1Ω, 3Ω, 5Ω respectively, the maximum rotor fault currents were about 560A, 480A, 435A and 420A respectively. This also meant that the larger SDR was, the less the rotor currents would increase after the activation of SDR; (b) during voltage recovery, a larger value of SDR also resulted in a smaller peak value of rotor currents. Also, a large value of SDR, such as 3Ω and 5Ω in this case, would make the maximum rotor currents during voltage recovery smaller than the maximum rotor currents during voltage dips; (c) a larger value of SDR would result in more harmonic components during SDR's activation.
From Fig. 11 , we could get: (a) during voltage dips, a larger value of SDR resulted in a bigger peak value of rotor voltages. When SDRs were 0.5 Ω, 1Ω, 3Ω, 5Ω respectively, the maximum rotor fault voltages were about 685V, 890V, 1590V and 2100V respectively; (b) during voltage recovery, a larger value of SDR also resulted in a bigger peak value of rotor voltages. However, a large value of SDR, such as 3Ω and 5Ω in this case, would make the maximum rotor voltages during voltage recovery smaller than the maximum rotor voltages during voltage dips; (c) a larger value of SDR would result in more harmonic components during SDR's activation.
Despite the need to raise the voltage rating, the method with SDR may be relatively cost-effective when compared with other methods which need to increase the capacitor voltage to control rotor currents, because increasing the capacitor voltage means increasing the voltage ratings of both rotor inverter and rotor rectifier.
As for the reasons why the LVRT method with SDR can control the rotor currents without improving the capacitor voltage, although the authors don't know them exactly, the authors' biggest guess is that after the activation of SDR, the change of voltage between point o and point N in Fig. 7 leads to that ability IV. SUMMARY The purpose of this paper is to suggest two novel methods for improving the low voltage ride-through capacity of DFIG wind turbines. Analysis showed that the first one with switches enabled us not to consider the insulation of rotor inverter when choosing the value of crowbar resistance. However, in this method, we still needed to consider the insulation of rotor windings. As for the second method with SDR, the simulation results demonstrated that this method could limit rotor currents without loss of controllability. Another advantage of this method was that in fault operation the controller algorithm could keep changeless, for the reason that the math model of rotor inverter with SDR wouldn't change. Not perfectly, although we didn't need to improve the voltage rating of rotor rectifier, we had to improve the voltage rating of rotor inverter to assure rotor currents' controllability. In further study, two aspects could be investigated. One is the exact reasons why the LVRT method with SDR can control rotor Rotor speed 40Hz
Stator resistance 5e-2Ω
Rotor resistance 5e-2Ω
Stator leakage inductance 2e-5H
Rotor leakage inductance 1e-5H
Magnetizing inductance 5e-3H
Number of pole pairs 1
Stator/rotor ratio 1
Capacitor voltage 400V
